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PREFACE 
A Study of Acoustic Impedance Measure- 
ments of  Materials With A i r  Flow has  been 
conducted under Contract  No. NAS1-8695 with 
t h e  NASA Langley Research Center,  Procedures 
have been e s t a b l i s h e d  which r e s u l t  i n  methods 
f o r  t h e  measurement of a c o u s t i c a l  impedance as 
a func t ion  of t h e  angle  of incidence and i n  t h e  
presence o f  air flow. The p r o j e c t  has  been 
conducted under t h e  genera l  guidance of D r .  
Robert W. Benson. M r .  S, H. P e a r s a l l  and D r .  
J.  Ronald Chapman cont r ibu ted  t o  the  experi-  
mental program with t h e  t e c h n i c a l  a s s i s t a n c e  
of M r .  J, Lo Holladay. 
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ABSTRACT 
Sound absorbing materials used within j e t  
engine n a c e l l e s  f o r  the  purpose of reducing 
compressor no i se  are subjec ted  t o  high i n t e n s i t y  
sound waves a t  a l l  angles  of  incidence and i n  the  
presence of a i r  flow. I n  order  t o  economically 
select s u i t a b l e  materials f o r  t h i s  app l i ca t ion  
it i s  d e s i r a b l e  t o  perform l abora to ry  neasure- 
ments of the  impedance characteristics of t h e  
materials over the  same range of condi t ions.  
Methods have been developed which allow f o r  t he  
measurement of a c o u s t i c a l  impedance as a f u n c t i o n  
of t h e  angle  of incidence and with the  presence 
of a i r  flow. The system uses  a l a r g e  p lane  wave 
high i n t e n s i t y  sound source,  a propagation s e c t i o n  
w i t h  v a r i a b l e  angle  of incidence,  and two f i x e d  
p r e s s u r e  microphones. The impedance of t he  sample 
is  der ived  from a r a t i o  of the  p r e s s u r e s  and the  
phase d i f f e r e n c e  between two microphones spaced 
one qua r t e r  wavelength a p a r t  
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A STUDY OF ACOUSTIC IMPEDANCE 
MEASUREMEN?'S OF MATERIALS WITH A I R  FLOW 
1. INTRODUCTION 
The ob jec t ive  of t h i s  program has been t o  develop methods 
f o r  t h e  measurement of  t he  a c o u s t i c a l  impedance of materials 
as a f u n c t i o n  of t h e  angle of incidence of t h e  sound wave and 
i n  t h e  presence of a i r  flow. Acoustical  materials have 
r ecen t ly  been incorporated wi th in  j e t  aircraft engines t o  
reduce t h e  noise  ou tpu t ,  e s p e c i a l l y  f o r  those sounds created 
by t h e  compressors. The noise  reduct ions  which have been 
achieved r e s u l t  i n  a marked decrease i n  t h e  noise  output of 
t h e  engine and makes t h e  aircraft more acceptable  t o  the  
population. The s e l e c t i o n  of s u i t a b l e  materials f o r  incorpora- 
t i o n  wi th in  t h e  environment of  the  j e t  engine i s  extremely 
c o s t l y  i f  an a c t u a l  i n s t a l l a t i o n  is requi red  f o r  each material, 
It is  t h e r e f o r e  important t o  develop labora tory  methods which 
w i l l  r e s u l t  i n  t h e  s e l e c t i o n  of  materials f o r  t h i s  app l i ca t ion .  
A s tudy of  t h e  sound f i e ld  wi th in  j e t  engines r e s u l t s  i n  
a d e f i n i t i o n  of t h e  requirements f o r  absorbing materials. 
Since t h e  primary source of sound is  the  compressor of  t h e  
engine,  t h e  frequency range is  l i m i t e d  t o  those f requencies  
between 3000 H, and 6000 H, f o r  cu r ren t  aircraft and between 
1000 H, and 10,000 H, f o r  p ro jec t ed  aircraft .  The a c o u s t i c a l  
material is  p laced  i n  t h e  near v i c i n i t y  of t h e  compressor 
b lades  so t h a t  sound strikes t h e  material at almost a l l  angles  
of incidence.  Grazing incidence i s  achieved by the  use  of 
absorbing materials i n  t h e  exhaust ducts  of  t h e  engine. I t  
i s  t h e r e f o r e  d e s i r a b l e  t o  make measurements f o r  a l l  angles  of 
incidence over t h e  frequency range extending from 1000 H, 
t o  10,000 H,. 
I n  gene ra l ,  t h e  a i r  flow wi th in  t h e  j e t  engine is grazing 
with r e spec t  t o  t h e  su r face  of t h e  a c o u s t i c a l  material, Some 
f u t u r e  conf igu ra t ions  may have flow i n t o ,  o r  even a p o r t i o n  
of t he  f low through t h e  absorbing material if i t  can be 
e s t a b l i s h e d  t h a t  such condi t ions  would r e s u l t  i n  a more 
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e f f i c i e n t  absorpt ion of sound. Due t o  t h e  r e l a t i v e l y  high 
v e l o c i t y  o f  a i r  flow, t h e  most usua.1 conf igura t ion  w i l l  have 
t h e  air  f low along t h e  su r face  of t h e  sample so t h a t  emphasis 
should be placed upon a conf igura t ion  s imulat ing t h i s  condi t ion.  
The a c t u a l  v e l o c i t y  of air  i n  t h e  i n l e t  and i n  t h e  exhaust 
duc ts  where t h e  a c o u s t i c a l  ma.teria1 i s  p laced  i s  l i m i t e d  t o  
approximately Mach 0.5 f o r  both p re sen t  and f u t u r e  aircraft  
engines,  This  l i m i t a t i o n  i s  due i n  p a r t  t o  maintaining t h e  
i n t e g r i t y  of t h e  absorbing materials p l aced  within t h e  passages. 
The materials are p laced  i n  as low air  f low as p o s s i b l e  while 
maintaining t h e  most e f f i c i e n t  conf igura t ion  f o r  sound 
absorpt ion.  
For t h e  p a r t i c u l a r  a p p l i c a t i o n  of sound absorbing materials 
t o  t h e  qu ie t ing  of t h e  compressor noise  i n  j e t  engines,  
t h e  range of v a r i a b l e s  inc ludes  a frequency range from 1000 H, 
t o  10,000 H,, angles  of incidence ranging from normal t o  grazing 
incidence,  and a i r  flow up t o  Mach 0.5. Since t h e r e  are o the r  
app l i ca t ions  f o r  a c o u s t i c a l  materials where a i r  flow i s  not 
p r e s e n t ,  i t  i s  a l s o  desirable t o  perform s i m i l a r  measurements 
with t h e  only v a r i a b l e  being the  angle  of incidence.  Th i s  
r epor t  summarizes t h e  methods which have been shown t o  achieve 
t h e  o b j e c t i v e s  of t h e  program. The r epor t  d i scusses  t h e  require-  
ments  f o r  t he  sound source,  t h e  methods f o r  measuring impedance 
and s u i t a b l e  conf igura t ions  f o r  achieving a vaxiable  ang le  of 
incidence and t h e  in t roduc t ion  of  a i r  flow, 
I1 SOUND SOURCE 
The source of sound used f o r  t h e  measurement of a c o u s t i c a l  
impedance r equ i r e s  t h e  product ion of a p lane  a c o u s t i c a l  wave 
which may s t r i k e  t h e  sample and be r e f l e c t e d  t o  form an i n t e r -  
fe rence  p a t t e r n .  Standard methods f o r  achieving a p l ane  wave 
u t i l i z e  a tube whose c r o s s  s e c t i o n a l  dimensions are s m a l l  com- 
paxed t o  a wave length ,  For t h e  p re sen t  requirement, t h e  
frequency range r e s u l t s  i n  wave l eng ths  t h a t  are.as s m a l l  as 
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one inch. P r a c t i c a l  conf igura t ions  of  sound absorbing 
materials wi th in  an engine r e q u i r e s  sample s i z e s  which are 
seve ra l  inches if t h e  t y p i c a l  i n s t a l l a t i o n  is t o  be con- 
s idered.  I t  i s  t h e r e f o r e  desira .ble  t o  produce a sound wave 7 
whose c r o s s  s e c t i o n a l  dimensions are s e v e r a l  inches while 
maintaining a p lane  wave f r o n t .  
A second cons ide ra t ion  f o r  the  s e l e c t i o n  of a sound source 
is  t h e  sound i n t e n s i t y  which is achieved., The sound i n t e n s i t i e s  
i n  the  j e t  engine are of the  order  of  160 dec ibe l s  and a t  these  
i n t e n s i t i e s  some absorbing materials e x h i b i t  non-l inear  effects, 
It is  t h e r e f o r e  d e s i r a b l e  t o  achieve comparable sound i n t e n s i t i e s .  
A number of p o s s i b l e  conf igura t ions  were s tud ied  t o  deter- 
mine methods which would r e s u l t  i n  a p l a n e  wave w i t h  sound 
i n t e n s i t i e s  of approximately 1 w a t t  p e r  square cent imeter .  A 
prac t ica .1  sample s i z e  of 6” x 6*’ w a s  assumed t o  be s u f f i c i e n t  
t o  s imula te  most i n s t a l l a t i o n s .  I n  o rde r  t o  achieve s u f f i c i e n t  
sound power it is necessary t o  consider horn d r i v e r  u n i t s .  
With commercial horn d r i v e r  u n i t s ,  it i s  p o s s i b l e  t o  achieve 
160 dec ibe l s  when a c r o s s  s e c t i o n a l  area of 4 square inches i s  
used. For a 6f ’  x 6’’ sample, n ine  horn d r i v e r  u n i t s  are re- 
quired.  ‘Each of t h e  d r i v e r  u n i t s  must be coupled together  i n  
a fashion which r e s u l t s  i n  a p l ane  wave from t h e  combined sound 
source. The conf igura t ion  shown i n  F igures  1 and 2 i l l u s t r a t e s  
a method of combining t h e  d r i v e r  u n i t s  which w i l l  r e s u l t  i n  a 
p lane  wave output .  A t  the  h ighes t  frequency of opera t ion  each 
segment i s  approximately two wave l eng ths  ac rosso  It i s  
a n t i c i p a t e d  t h a t  some devia t ion  from a p lane  wave w i l l  be 
caused by t h i s  f a c t o r ,  I n  o r d e r  t o  s t r a i g h t e n  t h e  wave f r o n t ,  
a sec t ion  is added cons i s t ing  of an a c o u s t i c a l l y  l i n e d  
sec t ion  t o  suppress c r o s s  modes, This conf igura t ion  has been 
simulated under l abora to ry  condi t ions  and has been found t o  
produce a s a t i s f a c t o r y  plane wavE f r o n t  f o r  making impedance 
measurements. 
The sound source should be cons t ruc ted  according t o  the 
diagrams i n  the  Figure and adjustment of the source should be 
made w i t h  an absorbent termination. A t  t he  highest  frequency 
the phase of t h e  sound wave i n  each of t h e  sec t ions  of the 
d r iv ing  element may be ad jus ted  by minor changes t o  t h e  length 
of each of the ind iv idua l  sec t ions .  Since a l l  of the measure- 
ments which are t o  be made depend upon t h e  establishment of  
a p lane  wave source,  t h e  cons t ruc t ion  of the source and i t s  
adjustment is  extremely important. 
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Figure 1. Side View of Plane Wave Sound Source. 2 
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Figure 2. End V i e w  of Plane Wave Sound Source. 
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111, MEASURBMENT OF IMPEDANCE 
The measurement of acoustica.1 impedance i n  a. s tanding 
wave tube  i s  achieved by t h e  use of a moveable probe microphone, 
from which t h e  p re s su re  d i s t r i b u t i o n  along t h e  tube i s  de te r -  
mined, The requi red  measurements include the  determinat ion of 
t h e  maximum and t h e  minimum sound p r e s s u r e  and t h e  d i s t a n c e  of 
t h e  f i rs t  minimum from t h e  a c o u s t i c a l  material i n  t e r m s  of 
f r a c t i o n s  of a wave length.  From these  measurements i t  i s  
p o s s i b l e  t o  determine the  s tanding wave r a t i o  and t h e  impedance 
of the  material at any frequency. S imi l a r  methods can be  
used when t h e  sound wave is  inc iden t  upon t h e  sample at var ious  
angles.  S imi l a r ly ,  measurements can be made with t h e  presence 
of air  flow. It should be noted t h a t  t h e  measurement procedure 
r equ i r e s  searching f o r  and loca t ing  t h e  minimum pres su re  i n  t h e  
i n t e r f e r e n c e  p a t t e r n .  
I n  t h e  p re sen t  s tudy,  t h e  independent v a r i a b l e s  inc lude  
the  frequency of t h e  sound wave, t h e  angle  of incidence and 
the ma.gnitude of  t h e  a i r  flow, A procedure which r e q u i r e s  
the  movement of a microphone t o  l o c a t e  and measure t h r e e  
independent q u a n t i t i e s  w i l l  n e c e s s a r i l y  ma,ke t h e  measurement a 
ted ious  procedure. An idea, l  system f o r  determining t h e  a c o u s t i c a l  
impedance would be the  use of a sensor  o r  sensors  which are 
f i x e d  i n  space and from which the impedance can be determined 
d i r e c t l y , ,  Several  methods w e r e  i nves t iga t ed  t o  determine t h e i r  
s u i t a b i l i t y  f o r  t h e  present  app l i ca t ion .  
The first method involves  t h e  use of a p res su re  sensor and 
a p a r t i c l e  v e l o c i t y  sensor which would be loca ted  near t h e  
sample and could d i r e c t l y  r e s u l t  i n  a determina.tion of t h e  
acous t i ca l  impedance, Pressure  sensors  are commercially a v a i l -  
a b l e  and s u i t a b l e  f o r  t h i s  app l i ca t ion ,  P a r t i c l e  v e l o c i t y  sen- 
s o r s  must be cons t ruc ted  having a dynamic range c o n s i s t e n t  with 
t h e  sound f ie ld .  Particle v e l o c i t y  sensors  w e r e  cons t ruc ted  
using a condensor microphone p r i n c i p l e  which m e t  a l l  of t he  
requirements f o r  measuring impedance. Unfortunately,  both s i d e s  
of t h e  diaphragm must be exposed t o  t h e  sound f i e l d  and it  w a s  
f e l t  t h a t  t h e  use of t hese  devices  i n  t h e  presence of air  flow 
m u l d  r e s u l t  i n  t h e  c r e a t i o n  of  a i r  turbulence and thus  ex- 
ces s ive  noise ,  The use  of such microphones with no a i r  flow 
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can r e s u l t  i n  a d i r e c t  determinat ion of a c o u s t i c a l  impedance 
but are no t  considered s a t i s f a c t o r y  f o r  t h i s  app l i ca t ion ,  
Due t o  t h e  fact  tha.t p re s su re  microphones can be obtained 
i n  extremely s m a l l  s i z e s  and can be used wi th in  an a i r  stream 
with a minimum dis turbance  of air  flow, it w a s  f e l t  t h a t  tech- 
niques should be developed t o  use p re s su re  microphones. A 
s i m i l a r  measurement t o  t h a t  descr ibed above can be achieved 
with two p r e s s u r e  s e n s i t i v e  microphones. If t h e  sepa ra t ion  
between t h e  two microphone diaphragms i s  extremely s m a l l ,  t h e  
d i f f e r e n c e  between t h e  two s i g n a l s  i s  t h e  p r e s s u r e  g rad ien t  
which i s  p ropor t iona l  t o  t h e  p a x t i c l e  v e l o c i t y  of t h e  acous t i c  
wave. E i the r  microphone may be used f o r  measuring p r e s s u r e  
a t  t h e  s a m e  l oca t ion .  Two l abora to ry  microphones w e r e  chosen 
t o  demonstrate t h i s  method of measurement, The separa.tion of 
t h e  diaphragms w a s  chosen t o  be s m a l l  with respec t  t o  t h e  
s h o r t e s t  wave length  t o  be measured. Under these  condi t ions  
it w a s  necessary t o  provide a.n e l e c t r o n i c  sub t r ac t ion  of  t h e  
two s i g n a l s  so t h a t  t h e  d i f f e r e n c e  could be a t  least 80 dec ibe l s  
less than e i t h e r  s igna l .  A c i r c u i t  w a s  designed which achieved 
t h e  requi red  performance when t h e  microphones w e r e  assumed t o  
have equal  s e n s i t i v i t y  and equal phase c h a r a c t e r i s t i c s ,  For 
t h e  two microphones chosen, t h e  characteristics w e r e  not  suf- 
f i c i e n t l y  uniform so t h a t  a s i n g l e  adjustment of t h e  d i f f e r e n c e  
c i r c u i t s  could be maintained over a wide frequency range, I m -  
pedance measurements could be m a d e  however i f  an adjustment 
w a s  m a d e  f o r  each frequency of measurement, Again, t h i s  
technique i s  considered u n s a t i s f a c t o r y  f o r  t h e  p re sen t  appl ica-  
t i o n  e 
Considerat ion w a s  then  given t o  t h e  use of two p r e s s u r e  
microphones which would be f i x e d  i n  space but have a l a r g e  
separa t ion  r a t h e r  than  a s m a l l  s epa ra t ion ,  Consider, f o r  
example, t h e  s tanding wave p a t t e r n  p l o t t e d  i n  F igure  3 ,  The 
s tanding wave r a t i o  has  been selected t o  be 6 dec ibe l s  and t h e  
pressure  d i s t r i b u t i o n  is shown versus t h e  d i s t ance  from t h e  
sample, For convenience, i t  i s  assumed tha t  a p res su re  maximum 
occurs a t  t h e  sample. A l s o  p l o t t e d  on the  s a m e  Figure is t h e  
d i f f e rence  i n  p re s su re  between two microphones loca ted  one 
q u a r t e r  wave length  apa r t  w i t h  t h e  re ference  microphone being 
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placed c l o s e s t  t o  t h e  sample, A s  t h e  p a i r  of microphones i s  
moved away from t h e  sample t h e  p re s su re  r a t i o  ranges from a 
+ 6 decibels t o  a - 6 dec ibe ls .  
S imi l a r ly ,  t h e  phase of t h e  s i g n a l  between t h e  two 
microphones is  measured as t h e  p a i r  is moved away from t h e  
sample. When t h e  re ference  microphone i s  at  t h e  maximum and 
t h e  second microphone is  at the minimum, t h e  phase d i f f e r e n c e  
i s  90°. The maximum phase d i f f e r e n c e  of 128O is  achieved when 
t h e  two microphones have equal sound p res su re  l e v e l s .  It i s  
noted t h a t  fo r  any l o c a t i o n  of  t h e  microphones only one set 
of p r e s s u r e  r a t i o s  and one phase angle  occurs  which i m p l i c i t l y  
describes t h e  l o c a t i o n  of t h e  microphones and the  s tanding 
wave r a t i o .  Separa t ion  of the two microphones f o r  any 
f r a c t i o n  of a wave length  could be chosen. The use of a 
q u a r t e r  wave length  spacing appears  t o  be optimum s i n c e  a 
maximum amplitude d i f f e r e n c e  i s  achieved and a maximum phase 
d i f f e r e n c e  i s  achieved. I n  order  t o  determine the  s u i t a b i l i t y  
of t h i s  technique a series of contours  w e r e  c a l c u l a t e d  and are 
shown i n  Figure 4. The contours  i l l u s t r a t e  t h e  corresponding 
s tanding wave r a t i o  and t h e  l o c a t i o n  of the  p re s su re  
maximum with r e spec t  t o  t h e  r e fe rence  microphone when t h e  
amplitude d i f f e rence  and t h e  phase d i f f e r e n c e  between t h e  
two f i x e d  microphones i s  determined. For example, if t h e  
phase d i f f e r e n c e  i s  90°, then t h e  re ference  microphone i s  
e i t h e r  a t  t h e  m a x i m a  o r  a t  t h e  minima and t h e  p re s su re  r a t i o  
i s  t h e  s tanding wave r a t i o .  If t h e  re ference  microphone i s  
g r e a t e r  than the  second microphone, then t h e  re ference  micro- 
phone is a t  t h e  p re s su re  maximum whereas, i f  t h e  second 
microphone i s  g r e a t e r  than t h e  re ference  microphone t h e  refer- 
ence microphone is at  a minimum. When the  two p r e s s u r e s  
are nea r ly  i d e n t i c a l  then t h e  phase between t h e  two microphones 
dominates i n  determining the magnitude of t h e  standing wave 
r a t i o .  The l o c a t i o n  of t h e  microphones, however, is symmetrical 
about e i t h e r  a maximum o r  a minimum. 
A series of measurements w e r e  m a d e  on a v a r i e t y  of 
a c o u s t i c a l l y  absorbing materials with t h e  reference microphone 
placed i n  m a r  proximity t o  t h e  sample and the  second micro- 
phone spaced one q u a r t e r  wave length  from the  sample. I n  a l l  
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cases ,  i t  w a s  easier t o  determine t h e  s tanding wave r a t i o  and 
t h e  impedance and t h e  r e s u l t  w a s  more accu ra t e  and more 
repea tab le  than with t h e  use of  a moveable probe microphone. 
The procedure c o n s i s t s  of  l o c a t i n g  t h e  second microphone a t  
a q u a r t e r  of  a wave length  from t h e  r e fe rence  microphone f o r  
any frequency of measurement. The r a t i o  of p re s su re  i s  then 
obtained and t h e  phase d i f f e r e n c e  between microphones i s  
obtained,  The s tanding wave r a , t i o  and t h e  l o c a t i o n  o f  t h e  
pressure  maximum is obtained from Figure 4. Since t h i s  
technique uses  two s m a l l  p r e s s u r e  microphones which axe 
s u i t a b l e  f o r  use under condi t ions  of a i r  flow, t h e  technique 
i s  acceptable  f o r  t h e  p re sen t  app l i ca t ion .  
An a d d i t i o n a l  advantage of t h i s  technique i s  t h e  fact 
t h a t  i t  is  only  necessary t o  have an i n t e r f e r e n c e  p a t t e r n  
which extends one q u a r t e r  wave l eng th  i n  f r o n t  of the sample. 
A moveable probe technique would r equ i r e  a minimum of one half  
wave length  o r  t w i c e  t he  d i s t ance  from t h e  sample. 
IV. MEASURBMENT OF IMPEDANCE WITHOUT A I R  FLOW 
It  i s  a n t i c i p a t e d  t h a t  numerous measurements of a c o u s t i c a l  
impedance w i l l  be made without t h e  use of a i r  flow. S ince ,  with 
air  flow, t h e  number of v a r i a b l e s  and thus  t h e  number of measure- 
ment cond i t ions  w i l l  be l a r g e ,  a p re - se l ec t ion  of s u i t a b l e  
materials w i l l  probably be accomplished without t h e  use of a i r  
flow. Furthermore, t h e  complexity of opera t ion  of the equipment 
with a i r  f low m a k e s  i t  d e s i r a b l e  t o  have a sepa ra t e  set up f o r  
measuring impedance versus  t h e  angle of  incidence without t h e  
incorpora t ion  of a i r  flow. 
This  s e c t i o n  is  concerned w i t h  descr ib ing  t h e  mechanical 
conf igura t ion  t h a t  i s  recommended f o r  t h e  measurement of 
acoustica.1 impedance as a func t ion  of t h e  angle  of incidence.  
Figure 5 i l l u s t r a t e s  a conf igura t ion  which includes t h e  sample, 
t h e  measurement microphones and t h e  sound source. It  i s  noted 
t h a t  t h e  conf igura t ion  has  a shor t  duct t o  t h e  l e f t  and t o  t h e  
r i g h t  of t h e  sample as i f  air  flow w a s  being considered. This  
conf igura t ion  has  been chosen s i n c e  i t  w i l l  al low f o r  i d e n t i c a l  
opera t ing  procedures f o r  t h i s  set up as w e l l  as t h e  one u t i l i z i n g  
a i r  flow. The sound source and t h e  instrumentat ion w i l l  be 
FIGURE 5 e CONFIGURATION FOR MEASURIIG ACOUSTICAL IMPEDANCE 
A S  A FUNCTION OF THE A S L E  O F  INCIDENCE WITHOUT 
A I R  FLOW. 
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i d e n t i c a l  f o r  both set ups and w i l l  al low f o r  a c l o s e  c o r r e l a t i o n  
of a l l  measurements t o  be made. The major d i f f e rence  between t h i s  
conf igura t ion  and t h e  one incorporat ing a i r  flow is t h a t  t h e  
sound source i s  r o t a t e d  about a, p o i n t  l oca t ed  a t  t h e  su r faces  
of t h e  sample whereas with air  f low t h e  sound source i s  r o t a t e d  
about a po in t  where t h e  sound wave e n t e r s  t h e  air stream. 
Two microphones are incorporated w i t h  one loca ted  i n  near  
proximity t o  t h e  sample and t h e  second being on a t r ave r s ing  
mechanism which al lows it  t o  be placed one qua r t e r  wave l eng th  
from t h e  f i rs t  microphone. Since the second microphone is  
moveable, i t  w i l l  be p o s s i b l e  f o r  measurements t o  be accomplished 
which are i d e n t i c a l  t o  those used i n  a s tandard standing wave 
tube appazatus f o r  checking the accuracy of t h e  technique. 
Under c e r t a i n  condi t ions  a sepa ra t ion  o the r  than one q u a r t e r  
wave length  may be desired and the  system would be capable of 
such opera t ion .  
I n  a d d i t i o n  t o  t h e  mechanical apparatus  f o r  holding t h e  
sample, providing f o r  r o t a t i o n  of t h e  sound source,  and providing 
f o r  t he  absorp t ion  of mul t ip le  r e f l e c t i o n s ,  t h e  system w i l l  re- 
q u i r e  a high i n t e n s i t y  p lane  wave sound source and a u x i l i a r y  
e l e c t r o n i c  ins t rumenta t ion  f o r  e x c i t a t i o n  of t h e  sound source and 
measurement of t h e  sound f i e l d .  The instrumentat ion w i l l  inc lude  
an o s c i l l a t o r ,  power a m p l i f i e r s ,  microphone p reampl i f i e r s ,  a 
v o l t  m e t e r  and a phase m e t e r .  A l l  of t he  instrumentat ion w i l l  
be used on t h e  set up incorpora t ing  air f low so t h a t  t h e  only 
dup l i ca t ion  w i l l  be f o r  t he  a c t u a l  tube holding t h e  sample, 
V, MEASUREMENT OF IMPEDANCE WITH A I R  FLOW 
The in t roduc t ion  of a i r  flow has a number of  effects on 
t h e  measurement of a c o u s t i c a l  impedance. Figure 6 i l l u s t r a t e s  
a sound wave en te r ing  a tube i n  which a i r  flow i s  p resen t  and 
where t h e  angle of incidence of sound t o  t h e  sample is  o t h e r  
than normal incidence.  It is  noted t h a t  t he  sound wave must 
en te r  t h e  air  s t r e a m  at  an angle  which d i f f e r s  from t h e  a c t u a l  
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angle of incidence due t o  t h e  v e l o c i t y  of t h e  a i r  stream. The 
ac tua l  angle  which t h e  sound wave must e n t e r  t h e  a i r  stream is  
dependent upon t h e  des i r ed  angle  of incidence and upon t h e  
v e l o c i t y  of air wi th in  t h e  tube.  This  r e l a t i o n s h i p  is  i l l u s -  
t r a t e d  i n  Figure 7 as a func t ion  of t h e  des i r ed  angle of in-  
cidence and the  Mach number f o r  t h e  a i r  flow. From t h i s  c h a r t  
i t  i s  p o s s i b l e  t o  determine t h e  angle  which t h e  sound source 
must m a k e  with t h e  air  stream t o  achieve a des i r ed  angle  of 
incidence f o r  a given a i r  flow. 
The second effect which i s  noted i s  t h a t  t h e  propagation 
v e l o c i t y  f o r  t h e  sound wave i n  the a i r  stream i s  a l s o  dependent 
upon t h e  angle  of  incidence and t h e  magnitude of the  a i r  flow. 
Since the  i n t e r f e r e n c e  p a t t e r n  spacing i s  dependent upon the  
a c t u a l  propagation v e l o c i t y ,  i t  is  necessary t o  determine t h e  
spacing i n  order  t o  m a k e  t h e  measurement of pressure  wi th in  
the  i n t e r f e r e n c e  p a t t e r n .  The v e l o c i t y  of propagation f o r  t h e  
sound wave f o r  var ious  angles  of incidence and f o r  var ious  
v e l o c i t i e s  is shown i n  F igure  8. From t h i s  information it is  
p o s s i b l e  t o  de r ive  t h e  e f f e c t i v e  spacing of  t h e  i n t e r f e r e n c e  
p a t t e r n  f o r  var ious  f requencies  of t h e  sound wave. T h i s  r e l a t i o n -  
sh ip  is  shown i n  Figure 9 with a normalized frequency of 1000 H,. 
For o the r  f requencies  the  spacing w i l l  vary inverse ly  i n  pro- 
p o r t i o n  t o  the a c t u a l  frequency of measurement. 
The measurement of impedance by t h e  techniques ou t l ined  
above r e q u i r e s  t h a t  the second microphone be placed one q u a r t e r  
wave length  from t h e  reference microphone. For t h e  present  
app l i ca t ion  t h e  spacing is  an e f f e c t i v e  qua r t e r  wave length  as 
determined by t h e  a c t u a l  spacing of t h e  i n t e r f e r e n c e  p a t t e r n .  
In  order  t o  m a k e  a measurement i t  is  necessary t o  select the  
frequency of the sound wave, an angle of incidence of  t he  
sound wave and t h e  v e l o c i t y  of t he  air  stream. From the c h a r t  
i n  F igure  7 the  angle  of t h e  sound source with respec t  t o  t h e  
a i r  stream is determined and set. The placement of t he  second 
microphone is  determined from t h e  c h a r t  i n  Figure 9 taking i n t o  
account t h e  a c t u a l  frequency of measurement. When the condi t ions  
of a i r  f low have been e s t ab l i shed ,  t he  r e l a t i v e  p re s su re  a m -  
p l i t u d e s  of the  two microphones is  determined and t h e  phase 
between t h e  two s i g n a l s  i s  determined, From these  measurements 
t h e  impedance o r  r e f l e c t i v i t y  of t h e  sample can be der ived 
from Figure  4, 
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It is  noted t h a t  when a i r  flow i s  incorporated,  i t  i s  
necessary t o  e s t a b l i s h  t h e  angle which t h e  sound wave m a k e s  
with t h e  air  stream r a t h e r  than a d i r e c t  s e t t i n g  of t h e  angle 
of incidence,  It  i s  t h e r e f o r e  convenient t o  r o t a t e  t h e  sound 
source about a po in t  where the sound wave e n t e r s  t he  air stream 
r a t h e r  than about a p o i n t  i n  t h e  sample. If t h i s  is not  accom- 
p l i s h e d  the  sound wave w i l l  not necessa r i ly  i n t e r c e p t  t h e  
sample and cause t h e  i n t e r f e r e n c e  p a t t e r n  t o  encompass both 
measurement microphones, It  i s  t h e r e f o r e  recommended t h a t  two 
sepa ra t e  conf igura t ions  be cons t ruc ted ,  one which inco rpora t e s  
air  flow and one which does not ,  Since a majori ty  of measure- 
ments w i l l  be made without t h e  use  of air  f low i t  i s  convenient 
t o  have t h e  simpler conf igura t ion  f o r  making such measurements. 
V I  INSTRUMENTATLON RBQUIREMENTS 
The system f o r  measuring a c o u s t i c a l  impedance inc ludes  a 
sound source capable of generat ing a p l a n e  wave, an apparatus  
f o r  holding t h e  sample and c o n t r o l l i n g  t h e  l o c a t i o n  of t h e  
microphones and a s soc ia t ed  e l e c t r o n i c  instrumentat ion f o r  per -  
forming t h e  measurements. The conf igura t ion  which has  been 
described w i l l  r e q u i r e  approximately 500 electric w a t t s  i n t o  
t h e  loud speaker u n i t s .  The sound source with i t s  d r i v e r  u n i t s  
and ampl i f i e r s  w i l l  be capable of being used with the appara tus  
using no a i r  flow and with the  apparatus  using a i r  flow, 
S imi l a r ly ,  microphones w i t h  a s soc ia t ed  ampl i f i e r s ,  v o l t  meters 
and a phase meter w i l l  be common t o  t h e  two s y s t e m s  s f  ~ ~ x a s u r e -  
ment, Since t h e  measurement of impedance without air flow i s  
simpler than t h a t  with a i r  flow it i s  recommended t h a t  t h e  
apparatus  be cons t ruc ted  i n  two s t e p s ,  The f i r s t  s t e p  w i l l  
include t h e  cons t ruc t ion  of t h e  plane wave sound source,  t h e  
apparatus  without a i r  flow and t h e  measurement instrumentat ion.  
Upon completion of t h i s  s y s t e m  and an eva lua t ion  of i t s  opera- 
t i o n ,  t h e  f i n a l  des ign  and cons t ruc t ion  of the apparatus  with 
air  flow should be accomplished, It is a n t i c i p a t e d  t h a t  t h e  
a i r  flow w i l l  be der ived  from air  sources  within c a p a b i l i t y  of 
Langley Research Center. The requirements f o r  a i r  are r a t h e r  
modest i n  t e r m s  of those which are a n t i c i p a t e d  t o  be ava i l ab le .  
The a i r  flow set up w i l l  r e q u i r e  an entrance s i l e n c e r  and air  
flow s t r a igh ten ing  sec t ion  before  passing t h e  s e c t i o n  con- 
t a in ing  t h e  sample. It i s  a n t i c i p a t e d  t h a t  t h e  sound wave 
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w i l l  e n t e r  t h e  air  stream through an a c o u s t i c a l l y  t ransparent  
t h i n  membrane which sepa ra t e s  t h e  sound source from t h e  air  
stream. Pressure equa l i za t ion  w i l l  be achieved by a conduct- 
ing tube with sensors  provided t o  a s su re  achievement of a 
zero s ta t ic  p r e s s u r e  d i f f e r e n t i a l .  This  system i s  i l l u s t r a t e d  
schematical ly  i n  Figure 10, Supplemental air may be provided 
t o  a s su re  that t h e  membrane remains i n  i t s  intended p o s i t i o n  
forming a w a l l  of t h e  duct ,  
The mechanical design of t h e  system will be compatible 
with tha.t providing f o r  no air f low so t h a t  t h e  s a m e  sound 
source and measurement instrumentat ion w i l l  be interchangeable.  
V I I ,  Summary 
An experimental i n v e s t i g a t i o n  of techniques f o r  t h e  
determination of a c o u s t i c a l  impedance as a func t ion  of angle  
of incidence and of air flow has  been conducted. Solu t ions  have 
been found which should r e s u l t  i n  t he  successfu l  measurement of 
impedance over a range of v a r i a b l e s  cons i s t en t  with those found 
under a c t u a l  condi t ions  of use.  The system w i l l  u t i l i z e  a 
method of impedance measurement having two fixed p res su re  
microphones which are s a t i s f a c t o r y  f o r  a i r  flow condi t ions.  
The measurement procedures are reduced t o  t h e  determination 
of a s i n g l e  p re s su re  r a t i o  and a .phase  measurement f o r  two 
microphones spaced one qua r t e r  wave length  apa r t  e 
P 
FIGURE 10 COWIGURATION FOR MEA§URIIG ACOUSTICAL IMPEDANCE 
A S  A FUNCTION O F  THE ARGLE OF INCIDENCE WITH 
A I R  FLOW, 
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APPENDIX 
COMPUTATIONS REQUIRED FOR IMPEDANCE MEASUREMENTS 
I ,  STANDIE WAVE. RATIO AND LOCATION OF PRESSUKE MINIMA 
The method of impedance measurement t h a t  has been 
selected requ i r e s  t h e  determin a t i o n  of t h e  pressure  ra . t io  
and t h e  phase between two microphones which are spaced one 
qua r t e r  wave length  a p a r t .  I t  w a s  t he re fo re  necessary t o  
determine the  amplitude and phase r e l a t i o n s h i p s  f o r  a 
v a r i e t y  of Standing Wave Rat ios  and as a func t ion  of t h e  
l o c a t i o n  of t h e  standing wave p a t t e r n  with respec t  t o  t h e  
sample, 
The wave i n  t h e  near v i c i n i t y  of t h e  sample may be 
assumed t o  c o n s i s t  of  two parts: 
the  f i rs t  being a wave t r a v e l l i n g  t o  t h e  r i g h t  and the  
second a wave t r a v e l l i n g  t o  t h e  l e f t .  The constant  A de- 
s i g n a t e s  t h a t  p o r t i o n  of t h e  inc iden t  wave which i s  r e f l e c t e d  
from the  sample, The combined wave i s  a standing wave having 
a s p a t i a l  v a r i a n t  po r t ion  and a t i m e  v a r i a n t  po r t ion :  
The s tanding wave r a t i o  is  t h e  r a t i o  of t h e  maximum 
amplitude t o  t h e  minimum amplitude and is given by t h e  
expression: 
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The ma.gnitude and pha,se o f  t he  a c t u a l  p re s su re  a t  any 
l o c a t i o n  can be determined by t r e a t i n g  t h e  two waves as phasors ,  
r e s u l t i n g  i n  a magnitude o f :  
4 P =  ~ ~ [ l + ~ ~ ( ~ o s ~ ~ ~ ~ ~ ~ ~ s i h ~ ~  27% - 2 
and a phase angle  o f :  
A computation of magnitude and phase i s  made as a func t ion  
of d i s t ance  along t h e  wave f r o n t .  The d i f f e rence  i n  magnitude 
and phase is  then computed f o r  two l o c a t i o n s  one q u a r t e r  wave 
length  apa r t  e 
